Modeling the lifespan of an organic light-emitting diode (OLED) is a complex task as it depends on different potentially interacting factors. As the literature on this subject is still scant, new parametric models for calculating the lifespan of the OLED are proposed in this article. The design of experiment (DoE) methodology is used for cost and accuracy reasons. Different lifespan models based on thermal and electrical experimental aging tests are proposed. As stress factors, current density, temperature, and their interactions, which are rarely taken into account in aging studies, are simultaneously involved. The analysis of the model parameters highlights the prevalence of temperature compared to current density on the luminance performance of OLEDs. Nonlinear models appear as the most accurate. Index Terms-Accelerated aging, design of experiments (DoE), electrical stress, lifespan prediction, organic light-emitting diode (OLED), thermal stress.
Modeling the Luminance Degradation of OLEDs Using Design of Experiments
I. INTRODUCTION N OWADAYS, system or component reliability has become an important issue. A clear understanding, modeling and predicting aging, and degradation mechanisms could lead to upgrade the quality and the reliability of the components and avoid system failure. The operational constraints (supply, atmospheric, mechanic, etc.) and their effects on the degradation of components must be studied to predict the lifespan and find solutions to improve the reliability. In the field of electrical engineering, numerous lifespan models have been developed in the literature [1] - [4] , but these models present some limitations. Indeed, they depend on the studied material and on its physical properties and they are often restricted or focused on one or two stress factors. Moreover, they do not integrate interactions that may exist between these different factors. The future of Manuscript light sources will probably be led by solid-state lighting, i.e., light-emitting diode and organic light-emitting diode (OLEDs), but those last have a limited lifespan (30 000-40 000 h) and an aging mode that is still largely unknown. Although this methodology is general and applicable to various components with no prior information on their physical properties, the measurement specifications have to take into account in order to compute a relevant lifespan model. This article presents an innovative parametric lifespan model for present-day OLED light sources, whose aging characteristics are still largely unknown. The proposed models are inferred from the experimental data obtained through accelerated aging tests involving several stress factors that are used to infer the proposed models. Those are innovative because they take into account not only the effects of the different stress factors, but also at the same time, their possible interactions. This is rarely done in aging studies. This kind of predictive models is perfectly adapted in studies where there are few expensive samples. Moreover, this methodology allows us to maximize the model accuracy with small learning sets composed by an optimized number and appropriate configuration of experiments in order to reduce the number and the cost of experiments. The significance of the considered parameters onto the stress factors is assessed by a study of the parameters' inputs at different lifespan levels. OLED degradations could be lead in two ways: intrinsic and/or extrinsic factors [5] . The first case is related to moisture or oxygen that can induce delamination or oxidation of the electrodes and can generate dark spots. This can be avoided by a good encapsulation. Extrinsic degradations are mainly leading by the supply current and the ambient temperature where this is considered as the most impacting factor of degradation [6] , [7] . Depending on the threshold, the temperature can contribute to the OLEDs degradations during use but can also, in the case of high temperature, contribute to degradations during storage [8] . OLEDs are current-controlled components where their luminance is proportional to the supply current level [8] . But the forward current is also the second main degradation factor. Due to the chemical degradation of the organic materials by the flowing current through the layers, their performances decrease gradually over time [9] . The chosen OLEDs in this article are commercial products and present two great advantages: they are well encapsulated and show great repeatability. A good encapsulation can prevent against oxygen and moisture factors, and it allows us to focus our study only on extrinsic degradations. Thus, thermal and electrical stresses remain the most critical degradation factors for OLEDs. When OLEDs are used for lighting applications, the luminance (measured in candela per square meter) is, obviously, not only the most interesting output parameter but also a simple feature to be monitored. The degradation of an OLED is defined by the decay of its luminance over time [10] . It is commonly assumed that the end of life of an OLED is when the luminance degrades by 30%-50% depending on the application. The corresponding lifetimes are, therefore, mentioned L 70 or L 50 , corresponding to a decay from the initial value of 30% and 50%, respectively. To date, there is no standard measurement method for OLEDs light source that can be adopted in performance or accelerated aging tests [8] , [11] . Some standards and recommendations have been published (as a U.S. standard, in September 2013 [12] that specifies the general safety conditions for the use of OLED lighting panels and an international IEC standard in 2014 [13] about the safety requirements) but the international standard IEC 62922, concerning the evaluation of the performance and reliability of OLEDs, has still not been published.
II. EXISTING METHODS FOR AGING MODELING
In the OLED aging literature, the thermal and electrical characteristics of different physical composition OLEDs have been studied to evaluate its thermal degradation [15] . Nevertheless, no modeling is done. Another aging sign for the OLEDs is its luminance degradation. Many articles use this sign as a lifespan indicator. In order to achieve this degradation, most papers use accelerated lifetime tests. The magnitude of stresses, in this case, is much bigger than nominal conditions. Park and Bae [10] used accelerated degradation tests to study OLED lifetime. They proposed distribution-based lifespan models (lifetime following Weibull, lognormal, log-spline functions, etc.) along with other methods to study the effect of thermal stress on the aging. Similar to the previous paper, Tsujimura et al. [14] studied the effect of thermal stress on the accelerated degradation of phosphorescent OLED. It estimated their mean time to failure under normal conditions using a Weibull function for the lifetime distribution and an acceleration factor. Other papers studied the effect of current density on the OLED aging. Zhu et al. [11] suggested that the lifetime is a "power function" of current by plotting the measured lifespans as a function of the applied current. They used this model to characterize the OLED panels. A Weibull distribution to model the OLEDs lifespan under constant step current density stresses was proposed in [18] and the same authors defined a lognormal distribution for the OLEDs lifetime under constant current density stress in [19] . OLED lifetime was also expressed as a Weibull function in [20] . More recently, Kim et al. proposed a statistical modeling of the luminance degradation as an exponential decay [21] . In [22] , the lifetime of large OLED panels is estimated as a bivariate model depending on temperature and luminance. In most cases, the distribution's parameters include an acceleration factor. Still, Pang et al. [17] refused to work with accelerated tests, claiming that the degradation mechanism is not the same under accelerated and normal conditions. They proposed another degradation sign, the temperature of the junction. By applying current density So far, all the aging is studied under the influence of a single stressor (temperature or electric current). Moreover, in the literature, few studies are interested in the modeling of OLED lifetimes as a function of stress factors in addition to the evaluation overtime of their performances (aging). However, lifespan models that include two or more stressors at once have never been considered for OLEDs in the literature.
The DoE methodology has proved its efficiency to tackle these problems in the case of insulation materials [23] , [24] and in the case of white OLEDs [29] , where they studied the effect of temperature and current density, as well as their interaction on the L 70 lifespan of the OLEDs (30% of degradation).
In this article, a novel application of DoE methodology on OLED light sources is presented. The proposed models include the two accelerated main factors: the temperature, following an Arrhenius law, and the current density, following an inverse power law. Thus, in OLED lifespan models, a logarithmic transformation of lifetimes, a logarithmic transformation of the current density and an inverse temperature transformation in kelvin are applied. Under each test condition (current and temperature), only one OLED was tested for cost and time constraints. It should be noted that manufacturers consider their batches of OLED to be very homogeneous, and that in the literature, only a very limited number of samples are generally tested. Our choice is identical, but the dispersion of the characteristics remains to be tested over time, which can constitute a perspective of this article.
III. TESTS PERFORMED ON OLEDS

A. OLED Types Tested
This article proposes a methodology which is applied to OLED commercial lighting sources Philips Lumiblade OLED Panel GL55. Commercial products offer a fundamental advantage in this kind of study: a great reproducibility that could allow us to have a small dispersion. Our choice of study was focused on large OLEDs because they are made with organic materials different from small OLEDs, the latter being widely studied in the literature. The tested components are shown in Fig. 1 . Table I summarizes the main electric and photometric characteristics of the Philips Lumiblade OLED panels GL 55. 
B. Aging Factors
The two main stress parameters reported by the literature on OLED lifespan studies about accelerated degradations are the environmental temperature and the electrical current density. The OLEDs were submitted to stress in two ways: pure or combined thermal and/or electrical stresses. Moreover, driven by different sizes, surfaces, or geometries of OLEDs, the current density is used as the reference unit (instead of the absolute current). Current density (J) and temperature (T) will, therefore, be used in our models. We have restricted the ranges of these two parameters to avoid catastrophic degradation (carbonization) when they are applied at the same time at a high level.
1) Current density: The maximum current (from manufacturer datasheet, with a rated current of 390 mA) allowed for normal operation is 450 mA, which matches a current density of 11 mA/cm². To accelerate the degradation, three current densities were applied: 11.25, 13, and 15 mA/cm² (forward currents of 462, 534, and 616 mA, respectively). For current densities above 15 mA/cm², a carbonization phenomenon was observed in the injection area (of the order time of only 1 min) resulting in the appearance of the dark zone, as shown in Fig. 2 . OLEDs degradation in storage conditions were also studied with pure thermal stress (at J = 0). The measurements to evaluate degradations are performed underrated current. 2) Temperature: One set of four OLEDs was tested at room temperature (23°C) and the two others at 40°C and 60°C, respectively. At temperatures above 60°C, the tested OLEDs do not support combined thermal and electrical stresses (with current density over 11 mA/cm²).
C. Experimental Bench
An innovative experimental device was developed at the LAPLACE laboratory to apply thermal and electrical stresses with high accuracy, homogeneity, and stability to the OLED and allowing simultaneously in situ electrical and photometric characterizations. In order to discriminate the thermal and/or the electrical influence, OLEDs have not only been subjected to combined electrical and thermal stresses, but also to pure thermal and electrical stresses.
To apply the thermal stress, OLEDs were placed in thermal controlled caissons where the temperature is regulated with accuracy under 1°C. The temperature was controlled by a regulator and measured using a thermocouple (K type). The homogeneity is assured by a strong wind blower. Three different temperatures were applied simultaneously in three steel caissons (23, 40, and 60°C) that ensure, at the same time, EMC protections during measurements. Each OLED is supplied by one dc laboratory power supply at various electrical stresses but simultaneously at the same temperature except for the one with pure thermal stress. Four OLEDs are subjected to the same temperature in the same chamber but under different current densities (zero current, 11.25, 13, and 15 mA/cm²). The caissons are thermally isolated and painted inside in black to allow in situ photometric measurements and avoid any light reflection. Finally, each box is equipped with a time counter. The different parts of this experimental bench dedicated to these tests are presented in Figs. 3-5.
D. Lifespan Measurement Method
During the accelerated aging of OLEDs, measurements were done very frequently the first week in order to follow the evolution and degradation of the OLEDs performances over time. Regular measurements of the electrical and photometric characteristics were carried out and, according to an estimated rate of degradation based on the previous measurements, those were performed with a longer time period. The rate of degradation was not the same at the beginning and at the end, and between each OLED, depending on the stress level (the degradation rate of OLEDs with strong constraints (and moreover for ones with, simultaneously, both stresses) was faster than that of OLEDs with lower constraints).
All the characterizations were performed outside the climatic chamber and at room temperature (no thermal or electrical stress, only under the rated current), but this measurement time was very short as compared to the total duration time of an aging test. It is assumed that these very short time measurements do not impact the aging rate of the OLEDs. It should be noted that this kind of measurement protocol constitutes a de facto thermal and electrical cycling, and those effects should be studied more precisely in future work. However, according to the very low frequency of the measurements and the short measurement time compared with the aging time under stresses, this cycling effect will be neglected here. Nevertheless, the study of cycling will be an interesting perspective of this article. Among the different characterizations of OLEDs carried out regularly over time [mainly electrical characterizations allowing to study the evolution of the parts of electrical equivalent model or the structural characterization done at the end (destructive tests)], the measurement of luminance is the most pertinent parameter used to characterize their lifetime because to enlighten is the aim of an OLED. In each experimental configuration, regardless of the kind of stress applied, the luminance was measured by powering the OLED with the nominal current density (9.5 mA/cm 2 ) through a SourceMeter Keithley 2602A to ensure high current quality and perform electrical characterizations in the same time. The degradation rate of the luminance expressed in percentage gives the corresponding index of the lifetime; if the luminance reaches x% (and thus with a downshifting of (100-x) % from the nominal value at t = 0) of its initial value, the corresponding lifetime is noted L x . Thus, each L x corresponds to a lifespan model as a function of the stress factors. This allows us to follow, through the evolution of luminance for a given stress, the evolution of the effects of stressors (current and temperature) over time.
E. Configuration of Tests and Measurement Results
As described in [25] , we applied four different currents (from 9.5 to 15 mA/cm 2 ) and three kinds of thermal stresses (23, 40, and 60°C) that lead to 12 combinations. OLEDs were, thus, tested in these 12 configurations corresponding to pure or combined stresses. For each configuration, an OLED was tested and different measurements of lifetimes were recorded. Figs. 6 and 7 show the evolution of the relative luminance (ratio of the measured luminance on the initial luminance) for the different aging tests with different rates of degradation of the luminance. The vertical axis corresponds to the percentages 60%, 65%, 70%, 75%, 80%, and 85% as aging indices (luminance decay compared to initial value at t = 0).
From these data, we have observed the following. 1) A deterioration of 85% at the highest temperature (60°C) and the highest current density (15 mA/cm 2 ) takes more than one week (187 h). 2) A pure thermal stress up to 60°C does not degrade the luminance of the tested OLEDs; the tests corresponding to these conditions (green curves on Figs. 6 and 7) were, therefore, stopped after 2500 h (104 days i.e., three and a half months) since the luminance was not degraded throughout this period.
3) The current alone (at 23°C), on the contrary, can degrade the luminance of OLEDs as displayed in Fig. 6 . (it should be noted that the current also induces thermal effects itself, but these last cannot easily dissociate). 4) Three points are at steady temperature or current at the most and can, therefore, be used to validate the forms of the two stress factors as follows.
F. Experimental Results Discussions
Previous experimental results showed that accelerated degradations under thermal and electrical stresses affect both electrical and photometrical characteristics [25] , [28] , [29] . Concerning the electrical characteristics, our electrical equivalent model shows the increase of the serial and parallel resistances and the decrease of the parallel capacitances correlated to the I-V curve evolution. On the other hand, photometrical measurements, namely the luminance, the light distribution on the OLED surface, the evolution of the spectrum, and the colorimetry, show a correlated decrease in the amount of light and a better homogeneity over time, but also a shift of the color linked to a significant reduction of the blue emitter with no shift of any other wavelength peak position. The structural characterizations carried out by energy dispersive spectroscopy showed that both electrical and photometrical characteristics of the OLED are affected by the indium and oxygen diffusion inside the hole transport layer that change concomitantly the discrete parts of the electrical equivalent model and the luminance, whereas the evolution of the J-V characteristics is linked to the increase in density of the bulk traps, which reduces the charge mobility and the C-V characteristics by a decreased colorimetry of the injected charges. These degradations are not linear and are mostly affected by the heat generated initially by the current, but where the ambient temperature plays a secondary, albeit important role.
Figs. 8 and 9 present two graphs which validate the respective forms of current and temperature that are considered in the life models from two different indices of life duration. Unfortunately, since only one measurement per test condition is available so far, it is not possible to evaluate the statistical properties of the data such as dispersion or distribution. However, for the models, we assume that lifetimes are distributed lognormally, as it is commonly used in the literature.
IV. DOE FOR LIFESPAN MODELING
A. DoE Principles
The parametric modeling of a response influenced by a number of factors at a lower experimental cost is based on the DoE method. The DoE method was introduced in 1925 [26] with Fisher's work on agronomy. This method is an experimental planning strategy for studying the effects of factors and their interactions on the response in an efficient and cost-effective manner [27] . The models presented in this article derive from this method, which has been introduced in [29] . Different types of models can be proposed such as first-order model (1) or second-order model. For a factorial plan 2², the response Y can be written in a first-order model as
(1)
B. Plans for Response Surfaces (RS)
There are many cases for which second-order mathematical models must be considered leading to a better description of the phenomenon studied, as in the case of our statistical modeling of OLED lifespan. The RS method is a good candidate. Based on the work presented in [29] , quadratic effects of factors in addition to their main effects and interactions could be taken 
The parameters of this model can be estimated, thanks to the OLS method. For k factors, q parameters must be estimated
Then, at least q experimental points are necessary to be able to estimate these q parameters. Optimal configurations of these plans have been proposed in the literature to be able to establish that kind of second-order model with interactions, test configuration, and database for lifespan modeling.
This methodological approach is applied to the OLEDs. As current density and temperature are the most influential factors on the life of OLEDs, they will be considered in our aging tests. The variation domain of these two factors is chosen in order to accelerate the aging of the OLEDs without causing sudden failures. Table II presents the accelerated aging tests for constructing the lifespan models. The specific experiments corresponding to zero current have been removed. Measured (black) and interpolated (linear interpolation between the nearest points when the corresponding measurement has not been made, in red) lifespan for different percentages of the luminance degradation rate are provided.
The combined electrical and thermal stress tests were configured to be able to construct the first-and second-order models with interactions. Experimental points 1 to 9 of Table II plotted in Fig. 10 form a three-level experiment plan: with two factors (Temperature T and current density J) for which 3² = 9 experiments are necessary. This arrangement of the experimental points makes it possible to obtain:
1) a first-order model with interactions as in (1) by using the classical plan 2² with the extreme levels −1 and +1 (exp. 1, 3, 7, and 9), called model M1; 2) four models of the first order with interactions [as in (1)] using the four classical 2² plans consisting of the levels (−1; 0) and (+1; 0). It is important to notice that these normalized levels have to be recalculated every time at € 100) , the duration of the experiments (the longest one lasted one year), and material availability. Consequently, it was not possible to achieve any statistical analysis of the lifespan models. The different normalized levels of the three-level factorial design for each of the real stress values are listed in Table III . Table IV presents the nine experiments where the levels of the factors are designated by X J and X T for the current density and the temperature, respectively. 
V. OLED LIFESPAN PARAMETRIC MODELS
In all the following models, L x denotes the lifespan measured at x% of the initial luminance in hours. Here, two lifespans will be used, the first is for x = 85% lifespan and the second is for x = 70% lifespan. X J and X T are the respective levels of Log (J), and 1/T, as given in Table III .
A. Model of the First Order With Interactions (Model L1)
The first-order model with interactions is expressed in (4) . It is based on experiments 1, 3, 7, and 9 (see Table IV ). These experiments are the four extreme points of the square in Fig. 10
The unknown parameters of this model are the constant M, and the coefficients E J , E T associated with the effects of the density of the current and the temperature, respectively. The coefficient I JT is associated with the effect of the interaction between current density and temperature. Thanks to the OLS method, the model coefficients are given in Table V for the two studied luminances L 85 and L 75 , measured at 85% and 70% of the initial luminance in hours, respectively. For this first model, the test base is composed of experiments 2, 4, 5, 6, and 8, which are not the part of the learning set, i.e., which have not been used to calculate the model coefficients. Tables VI and VII give the relative errors between measured Log (L 70 ) and Log(L 80 ) and their corresponding prediction by model M1.
An analysis of the coefficients of this model shows that temperature has a stronger effect than current density between levels −1 and +1 of each of the factors (11.25 mA/cm² < J < 15 mA/cm² and 23°C < T < 60°C). Moreover, it seems that the interaction between the two factors is negligible with respect to the main effects. All the relative errors in Tables VI and VII are generally small (< 8%) except for the 6th and 8th experiments of L 85 probably because interpolated values are considered rather Fig. 10 ). Then, it is easy to build four first-order models with interactions from these four squares. Table VIII lists the learning sets of these four models (designated by M2.1-M2.4).
The four DoE models M2.1-M2.4 have the same form as (1) and their coefficients estimated by OLS are given by the diagram of Fig. 11 . For comparison purpose, the levels of J and T are brought back by changing variables at levels −1 (for the low level) and +1 (for the high level) when calculating each model. It can be seen in the diagrams that the similarity in magnitude and its effects have similar magnitude for both lifespans, although they are not equal. The effect of the temperature (in green) is confirmed as stronger than that of the current density (in blue), whatever the experimental domain is. Unlike the first DoE model M1, the interaction between the two factors is significant in each of the four plans. Finally, the effect of the current density (respectively the temperature) increases when the current levels (respectively the temperature levels) go from [−1; 0] to [0; 1]. This phenomenon is easily observed by comparing E J between M2.1 and M2.4, on the one hand, and between M2.2 and M2.4 on the other hand. The same type of comparison on E T between M2.1 and M2.2, on the one hand, and between M2.3 and M2.4 on the other hand (see Fig. 11 ) leads to the same conclusion.
C. Model of the First Order With Three Levels and Interactions (Model M3)
The decomposition of the three-level plan into four two-level plans reveals nonlinear effects of the current and temperature density as along with strong interactions between these two factors. Consequently, another first-order (but a little bit more complex) model was built, based on a three-level DoE, in order to confirm these results. This model, named M3, has the following form and is piecewise linear [25] :
Expression (6) gives some examples of the formula used for the calculation of the different coefficients of this model according to the methods presented in [25] . Table X lists the corresponding coefficients value of model M3. 
It can be seen in Table IX that the effects of X J and X T are not the same if the interval [−1; 1] is decomposed into two intervals [−1; 0] and [0; 1], Moreover, it can be noticed that the effects of the interactions (especially the interaction with the level 0) are significant. Nevertheless, the effects do not vary a lot from the L 85 model to the L 70 one. However, the effect of the current at level −1 increase mostly with aging, which can indicate a snowballing effect of the current density with time. 
D. Model of the Second Order With Interactions Based on Surface Response (Model M4)
The factorial plan with three equidistant levels (−1, 0, and 1) can be the basis of a new DoE including quadratic effects on each of the factors, in order to introduce some nonlinear effects. The model is given in (7) according to the surface response method [28] . Experiments 1 to 9 of Table V were used to estimate its coefficients
The quadratic effects of current density and temperature are I JJ and I T T , respectively. Table X tabulates all the coefficients estimated by OLS.
Temperature appears as the most influential parameter with the strongest effect when compared to that of current density. A large quadratic effect of both factors is also put in evidence and the values of I JT estimated by models M1 and M4 are the same. Fig. 12 shows a comparison between the lifespan models M1-M4 for both luminances L 70 and L 85 where it can be seen that most of the errors remain under 25%.
E. Discussion
These models can be classified with respect to their accuracy, from the least to the most: M2.x < M1 < M3 < M4. The global conclusion is that nonlinear models are more accurate than linear models. Indeed, M2.x type models, all the four models created from specific parts of the experimental plan are less accurate for lifespan estimation even if their maximum error remains anyway under 30%. M1 model leads to maximum errors by up to 12%. This is certainly due to the nonlinear relationship between lifespan and the two stress factors, temperature and current density. The model M4 tends to be the best model therein, proving that the lifetime model is not of the first order p. The model M3 has zero percentage errors, which is normal because all the experiments are used in the learning set and there is no test set. Therefore, the errors cannot be comparable, despite having the ability to cope with a nonlinear phenomenon. Future work will test this model with additional test points.
Another possible conclusion is that the errors between the L 85 and L 70 lifespans differ, despite having a similarity. It can be assessed that the differences in the lifespans show that the degradation of the OLEDs is a time-varying process, even when the constant stress levels.
The proposed method was able to provide good lifespan predictions. This confirms the accuracy of the forms used to model the link between the lifespan and the temperature and current density. The results show a high dependence between the lifespan and the operation temperature, as already spotted in [30] . The model is build using experimental data with the assumption of the relationship form between the lifespan and the stressors only. However, this might be a limitation of the proposed methodology if these relations are unknown.
VI. CONCLUSION AND PERSPECTIVES
Thanks to DoE, this article enriches the previous studies on OLED lifespan modeling. The method proves to be very helpful for this purpose. Several models have been proposed and compared, allowing the study of the relative importance of stress factors. The temperature has the strongest effect compared with that of current density and their possible interactions. The proposed models show good rather performance for lifespan prediction in most of the tested cases and nonlinear models appear as the most accurate.
Future work will test a larger number of OLEDs for each experiment making possible a deeper analysis of the predictive quality of the models. The variability and statistical significance of models will be studied. Additional test points that are randomly configured would also allow the analysis of the dispersion and distribution of the lifespan and, thus, refine the choice of the model. Other parameters than luminance such as color rendering index or equivalent electrical model parameters could be tested according to the proposed protocol. Finally, considering a time-varying model can unite the values of the effects without the need of testing different lifespan levels.
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